In this study the mechanical and erosion wear behavior of bamboo fiber reinforce epoxy composites filled with Cement By-Pass Dust (CBPD) were studied. The effect of CBPD content and alkalization on the various properties of these composites was also investigated. Taguchi's orthogonal arrays are used for analysis of experiential results. It identifies significant control factors influencing the erosion wear and also outlines significant interaction effects. Analysis of variance (ANOVA) test has also been performed on the measured data to find the most significant factors affecting erosion rate. Finally, eroded surfaces of both untreated and alkali treated bamboo fiber reinforced composites were characterized using SEM.
Introduction
Over the last decade there has been renewed interest in the use of natural fibers to replace synthetic fibers in composite applications. Compared with conventional fibers natural fibers have many advantages like renewable, environmental friendly, low cost, lightweight, high specific mechanical performance. Among various natural fibers bamboo is one the most potential reinforcement for fiber reinforced polymer composites. Bamboo has numerous advantages over other natural fibers such as its availability, excellent mechanical properties in comparison with its weight due to longitudinally aligned fibers, one of the fastest renewable plants etc. However, being hydrophilic, natural fibres need to be chemically treated first to make them more compatible with hydrophobic polymers. Several researchers have reported improvement in properties of natural fibers when alkalized at different NaOH concePnotlryamtioenrs [1] [2] [3] [4] generated a wide interest in the engineering domain, including their tribological applications [5] , in view of their good strength and low density as compared to monolithic metal alloys. Being light-weight, they are the most suitable materials for weight sensitive applications, but their high cost becomes a limiting factor for commercial applications. However, it has been observed that by incorporating filler particles into the fiber reinforced composites the performance of composites can be improved [6] [7] [8] [9] [10] [11] [12] . Cement By-Pass Dust (CBPD) is a by-product of cement manufacturing. It is a fine powdery material similar to Portland cement in appearance. It is generated during the calcining process in the kiln. As the raw materials are heated in the kiln, dust particles are produced and then carried out with the exhaust gases at the upper end of the kiln. These gases are then cooled and the accompanying dust particles are captured by efficient dust collection systems. Lime (CaO) constitutes about 40% of CBPD composition. Other compounds include SiO 2 , Al 2 O 3 , Fe 2 O 3 , K 2 O, Na 2 O, etc.
To this end, the present research work is undertaken to study the mechanical and erosion wear behavior of bamboo fiber reinforce epoxy composites filled with Cement By-Pass Dust (CBPD) were studied. The effect of CBPD content and alkalization on the various properties of these composites was also investigated. Taguchi's orthogonal arrays are used for analysis of experiential results. And analysis of variance (ANOVA) test has also been performed on the measured data to find the most significant factors affecting erosion rate.
Ciba Geigy India Ltd. and the bi-directional bamboo fibers, collected from local sources have been taken as raw materials for composite fabrication. Each ply of roving bi-directional bamboo mats is of dimension 150 × 150 mm 2 . Composite slabs are made by reinforcing bi-directional bamboo mats in epoxy resin using simple hand lay-up technique followed by light compression molding technique. Composites of three different compositions (with 0 wt%, 10 wt% and 20 wt% of CBPD filling) are made with constant bamboo fiber loading of 40 wt% for all the composite samples. For treatment of bamboo fibers, bi-directional bamboo fibers are soaked in 20% caustic soda solution at ambient temperature, maintaining a liquor ratio of 15:1. The fibers are kept immersed in the alkali solution for 1 hour. Then the fibers are copiously washed with distilled water to remove any traces of alkali sticking to the fiber surface and subsequently neutralized with 2% sulfuric acid solution. The neutrality is checked with litmus paper. Fibers are finally dried in a hot air oven at 100˚C. Untreated fibers were also dried in an oven. The castings are put under load for about 24 hours for proper curing at room temperature. After the curing process, test samples are cut to the required sizes as per individual test requirement.
Measurements

Physical and Mechanical Tests
The theoretical density of composite materials is obtained as per the equations given by Agarwal and Broutman [13] . However, the actual density of the composites is determined experimentally by simple water immersion technique. Tensile tests were performed on Instron 1195. The tests were carried out in accordance with ASTM D 3039-76. The dimensions of the specimen were 150 mm × 10 mm × 4 mm. Composite samples were tested at a crosshead speed of 10 mm/min. Flexural tests (three point bend test) were conducted on all the composite samples using Instron 1195. The dimension of the specimen is 60 mm × 10 mm × 4 mm. A thickness of 4 mm is maintained for all composite samples. Span length of 40 mm and the cross head speed of 10 mm/min are maintained. Short beam shear test is carried out on composite samples to determine the inter-laminar shear strength (ILSS). Impact tests were done as per ASTM D 256 using an impact tester. The pendulum impact testing machine ascertains the notch impact strength of the material by shattering the V notched specimen with a pendulum hammer, measuring the spent energy, and relating it to the cross section of the specimen.
Erosion Test
Erosion tests were performed on an erosion test rig as per ASTM G76. The rig consists of an air compressor, a particle feeder, an air particle mixing and accelerating chamber. Dry compressed air is mixed with the particles, which are fed at a constant rate from a conveyor belt type feeder in to the mixing chamber and then accelerated by passing the mixture through a tungsten carbide (WC) converging nozzle of 3 mm diameter. These accelerated particles hit the specimen, and the specimen can be held at various angles using an adjustable sample holder. The feed rate of the particles can be controlled by monitoring the distance between the particle feeding hopper and the belt drive (carrying these particles to mixing chamber). The impact velocity of the particles can be varied by varying the pressure of the compressed air and can be measured using a rotating disc method [14] . In the present study pyramidal shaped dry silica sand of different particle sizes (125 µm to 355 µm) were used as erodent. A standard test procedure was employed for each erosion test. The samples were cleaned in acetone, dried and weighed to an accuracy of 1 × 10 −5 g using an electronic balance, eroded in the test rig for 5 min and then weighed again to determine the weight loss. The ratio of this weight loss to the weight of the eroding particles causing the loss (i.e. testing time × particle feed rate) is then computed as the dimensionless incremental erosion rate. This procedure is repeated till the erosion rate attains a constant steady-state value. Finally the SEM micrographs of treated and untreated fiber composite surfaces were taken using a scanning electron microscope Model JEOL JSM-6480LV.
Experimental Design
A designed experiment is an approach to systematically varying the controllable input factors and observing the effect these factors have on the output product parameters. The Taguchi's approach provides the designer with a systematic and efficient approach for conducting experimentation to determine optimum settings of design parameters for performance and cost. The steps included in the Taguchi parameter design are: selecting the proper orthogonal array (OA) according to the numbers of controllable factors (parameters); running experiments based on the OA; analyzing data; identifying the optimum condition; and conducting confirmation runs with the optimal levels of all the parameters. As applying Taguchi parameter design requires the identification of factors affecting targeted quality characteristics, relevant literature must be reviewed to screen the most important among a number of factors or conditions affecting erosion rate of composites. Five parameters, viz. impact velocity, fiber loading, stand-off distance, impingement angle, and erodent size, each at three levels, are considered in this study in accordance with L27 (313) orthogonal array design. The operating parameters and their levels con-sidered for erosion tests are listed out in Table 1 .
The plan of the experiments is as follows: the first column was assigned to factor A, the second column to factor B, the fifth column to factor C, the ninth column to factor D and tenth column to factor E, the third and fourth column are assigned to (A × B)1 and (A × B)2 respectively, to estimate interaction between factor A and factor B, the sixth and seventh column are assigned to (B × C)1 and (B × C)2 respectively, to estimate interaction between the factor B and factor C, the eighth and eleventh column are assigned to (A × C)1 and (A × C)2 respectively, to estimate interaction between the factor A and factor C. The remaining columns are assigned to error column.
Results and Discussion
Effect of Filler Content and Mechanical Properties of Composites
The experimental density includes all the solid material and the pores within the fibers and is always less than the theoretical density, which excludes all the pores and lumen due to the buoyancy effect caused by the trapped air. Lower experimental density indicates higher porosity as pores have been found to reduce the density of materials. The theoretical and measured densities along with the corresponding volume fractions of voids are presented in Figure 1 (a). The variation of void content with the CBPD content for both treated and untreated bamboo fiber based composites is shown in Figure 1 (a). It is observed from the figure that the void fraction of untreated composites increases with increase in filler content. However it shows a significant change in case of alkalized bamboo fiber based composites where the void fraction decreases with increase in filler content.
The variation of micro-hardness values of composites with CBPD content is shown in Figure 1(b) . The test results show that with the presence of CBPD, hardness (Hv) value of the untreated and treated bamboo epoxy composites is improved and this improvement is a function of the CBPD content. Similar trend is also observed by previous investigators [15] [16] [17] . 
Effect of Filler Content and Alkalization on Mechanical and Erosion Wear Behavior of CBPD Filled Bamboo Fiber Composites 152
However, alkalized bamboo fiber based composites shows superior micro-hardness properties as compared to untreated bamboo fiber based composites irrespective of CBPD content. The effect of alkalization and CBPD content on tensile strength of composites is shown in Figure 1(c) . It is seen that the tensile strength of the composite increases when filler content increases from 0 wt% to 10 wt% and decreases with further increase in filler content from 10 wt% to 20 wt%, in both treated and untreated composites. The reduction in tensile properties is explained as follows: under the action of a tensile force the filler matrix interface is vulnerable to debonding depending on interfacial bond strength and this may lead to a break in the composite [18, 19] . However, the treated bamboo fiber based composites shows better tensile strength as compared to untreated one as expected. The results exhibit similar trend as in the case of tensile test. It is interesting to note that addition of CBPD content (10 wt%) improves the flexural strength of the bamboo-epoxy composite. However, further addition (up to 20 wt%), lowers the strength in both the treated and untreated composites. There can be two reasons for this decline in the strength properties of these composites. One possibility is that the chemical reaction at the interface between the filler particles and the matrix may be too weak to transfer the stress; the other is that the corner points of the irregular shaped particulates result in stress concentration in the matrix [20] . It is also observed from the figure that there is significant improvement of flexural strength in case of alkalized fiber based composites as compared to untreated one. Figure 1(e) shows the effect of treatment and CBPD content on ILSS of composites. It is observed from the figure that the ILSS increases with increase in filler content in both treated and untreated composites. However treated fiber based composites shows better ILSS as compared to untreated fiber composites irrespective of filler content. In the present investigation, the span length is very short 40 mm. A large span to depth ratio in bending test increases the maximum normal stress without affecting the interlaminar shear stress, thereby increasing the tendency for longitudinal failure. If the span is short enough, failure initiates and propagates by interlaminar shear failure.
The maximum shear stress in a beam occurs at the midplane. So in the shear test, failure consists of a crack running along the midplane of the beam so that crack plane is parallel to the longitudinal plane. Effect of filler content and treatment on impact property of composites is shown in Figure 1(f) . It is observed that the impact strength of the composites is significantly improved by the addition of filler contents in case of treated composites. The increased filler content (up to 20 wt%) leads to a higher impact strength due to the interfacial reaction and provides an effective barrier for pinning and bifurcation of the advancing cracks. However, it shows opposite in case of untreated composites irrespective of filler content. The impact property of a material is its capacity to absorb and dissipate energies under impact or shock loading.
The impact performance of bamboo fiber-reinforced composites depends on many factors including the nature of the constituent, fiber/matrix interface and fiber/matrix/ filler content, the construction and geometry of the composite and test conditions. The applied load transferred by shear to fibers may exceed the fiber/matrix interfacial bond strength to cause de-bonding. When the stress level exceeds the fiber strength, fiber fracture occurs. The fractured fibers may be pulled out of the matrix, which involves energy.
Steady State Erosion
Effect of Impact Velocity on Erosion Rate of the
Composites The velocity of the erosive particle has a very strong effect on the wear process. If the velocity is very low, then stresses at impact are insufficient for plastic deformation to occur and wear proceeds by surface fatigue [21] . When the velocity increases, the eroded material may deform plastically upon particle impact. In this regime, wear is caused by repetitive plastic deformation. At brittle wear response, proceeds by subsurface cracking. At very high particle velocities melting of the impacted surface may even occur. The variation of erosion rate with impact velocity is shown in Figure 2(a) for both the treated and untreated fiber based composites. Erosion trials are conducted at four different impact velocities under constant operating condition (impingement angle: 60˚, stand-off distance: 75mm, erodent size 250 µm). The figure shows that erosion rate of treated bamboo composites is less than that of the untreated bamboo composite. The erosion rate reaches its maximum at the impact velocity of 65 m/sec for both the treated and untreated fiber composites.
Effect of Impingement Angle on Erosion Rate of
the Composites Impingement angle is also an important parameter for the erosion process. It is defined as the angle between the target material and the trajectory of the erodent. Dependence of erosion rate on the impact angle is largely determined by the nature of the target material.
In the literature [22] [23] [24] [25] , materials are broadly classified as ductile or brittle, based on the dependence of their Copyright © 2012 SciRes.
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erosion rate with impingement angle. The ductile behavior is characterized by maximum erosion rate at low impingement angle (typically ranges from 15˚ to 30˚). On the other hand, if the maximum erosion rate occurs at normal impact (90˚), the behavior of the material is brittle. Reinforced composites have been found to exhibit semi-ductile behavior with the maximum erosion rate at intermediate impingement angles (typically ranges from 45˚ to 60˚). Figure 2(b) shows the effect of impingent angle on erosion rate of composites under specified operating conditions (impact velocity: 45 m/sec, stand-off distance: 75 mm, erodent size: 250 µm). The figure shows that the peak of erosion rate occurs at an impingement angle of 45˚ for untreated bamboo composites, whereas for the treated bamboo composites the peak erosion rate is around 60˚ impingement angle. This clearly indicates that these composites respond to solid particle impact, neither in a purely ductile nor in a purely brittle manner. This behavior can be termed as semi-ductile in nature. Further it is also observed from the figure that the erosion rate of treated fiber composites shows less erosion rate as compared to untreated fiber composites irrespective of impingement angles.
Analysis of Experimental Results
The analysis has been carried out using the popular software MINITAB 15. Table 2 shows the comparison of erosion rates between treated and untreated bamboo fiber based composites. In the table the seventh and the ninth columns represent S/N ratios of the erosion rates for untreated and treated bamboo based composites respectively. The overall mean for the S/N ratio of the erosion rate is found to be 61.80 db for the untreated samples and 62.21 db for treated ones. Analysis of the result leads to the conclusion that factor combination of A1, B3, C2, D1 and E3 gives minimum erosion rate for the untreated samples, whereas for the treated samples, the optimal combination of factor settings are A1, B2, C2, D1 and E2 respectively. Figure 3 shows the SEM images of the untreated bamboo fiber based composites. From Figure 3(a) it is evident that the fibers are chipped off and broken, with impact angle of 30˚ and velocity of 45 m/sec with CBPD content of 0 wt%. Figure 3(b) shows the micrograph of eroded surface of 10 wt% of CBPD filled composite at an impact angle of 30˚ and the velocity of 45 m/s. It is evident from the micrographs that the hard erodent particles penetrate the surface and cause material removal mostly by micro-ploughing. When impingement angle is increased to 60˚, a relatively small fraction of the material is seen to be removed from the surface although formation of large amount of grooves is visible. However, the crack formation and propagation is not seen (Figure  3(c) ), with further increase in impingement angle to 90˚. Micrograph shows the formation of larger craters due to the material loss and the arrays of broken and semi-broken fibers within. Due to the repeated impact of hard sand particles, there is initiation of cracks on the fibers and as erosion progresses, these cracks subsequently propagate on the fiber bodies both in transverse as well as longitudinal manner as shown in Figure 3(d) . Micrograph of the surface having 20 wt% CBPD eroded at an impingement angle of 60˚ and an impact velocity of 45 m/s is shown in Figure 3 (e). A small portion of a fiber exposed during the sand erosion is noticed. The matrix covering the fiber seems to be chipped off, and the crater thus formed shows the fiber body, which is almost intact. Repeated impact of the erodent has caused roughening of the surface. When the impact velocity is increased to 55 m/s, crater formation is observed due to penetration of hard silica sand particles onto the surface cause material removal mostly from the matrix regime. Small cracks and multiple fractures are also distinctly seen in this micrograph (Figure 3(f) ). Particle impingement produces a rise in temperature of the surface, which makes the matrix deformation easy because the high temperature softens the matrix [23] . On impact, the erodent particle kinetic energy is transferred to the composite body that leads to crater formation and subsequently material loss. Figure 3(g) shows the surface of the 10 wt% of CBPD filled composite eroded at an impact angle of 60˚ and velocity of 65 m/sec. In this micrograph, the crack formation and propagation are clearly visible along with the groove formation, which implies the removal of the bulk mass of materials from the surface. When filler content is increased to 20 wt%, micrograph shows the crater formation due to penetration of hard silica sand particles onto the surface and cause of material removal mostly from the matrix regime. Small cracks and multiple fractures are also distinctly shown in this micrograph (Figure 3(h) ).
Surface Morphology of Eroded Surfaces
SEM images of the treated bamboo fiber based composites samples are shown in Figure 4 . It is clear from the Figure 4(a) that the erosion rate is maximum in case of unfilled treated fiber composites. Figure 4(b) shows the plastic flow of matrix material along the erosion direction for the composite having 10 wt% CBPD eroded at lower impact angle (30˚). When impacting at such a low angle, the hard erodent particles penetrate the surface and cause material removal mostly by micro-ploughing. It is possible to investigate the particle flow direction easily from the wear trace on the matrix body. At 60˚ impact angle, micrograph (Figure 4(c) ) shows that the matrix is plastically deformed and amount of deformation is proportional to impact velocity of particles. At lower impact velocity, removal of matrix along the length of the fiber and subsequently exposed fiber getting removed and this can be seen from the micrograph. Under normal impact, formation of micro-cracks and embedment of fragments of sand particles in composite is evident from the micrographs. During normal impact, the largest part of the initial energy is converted in to heat and hence matrix is softened which resulted in embedment of sand particles (Figure 4(d) ). At an impact angle of 60˚, the fibers are chipped off due to the repeated impact of hard silica sand particles at impact angle (Figure 4(e)) . A crater thus formed shows an array of almost intact fibers. After the local removal of matrix, this array of fibers is exposed to erosive environment. and an impact velocity of 55 m/s. The broken fiber and CBPD filler fragments are mixed with the matrix micro flake debris, and the damage of the composite is characterized by separation and detachment of this debris. Particle impingement produces a rise in temperature of the surface, which makes the matrix deformation easy. The higher impact speed of 65 m/s (Figure 4(g) ) makes the sample surface remarkably rough as compared to the lower impact speed of 45 m/s. Subsequently the material removal becomes faster. The wear trace is distinctly visible and the protrusion of fibers beneath the matrix layer is seen. Figure 4(h) shows the large cracks on the surface. Crack formation and propagation is visible in micrographs.
ANOVA and the Effects of Factors
Analysis of Variance (ANOVA) is done from the experimental data for both treated and untreated bamboo fiber composites to determine the significant control factors and their effective interaction effect on erosion rate. Tables 3(a) and (b) show the ANOVA result for the erosion rate of untreated bamboo fiber and treated bamboo fiber based composites under solid particle erosion. This analysis was undertaken for a level of confidence of significance of 5%. From Table 3 (a), it has been observed that the impact velocity, stand-off distance, impingement angle and filler content have great influence on erosion wear rate.
The interaction of filler content and impingement angle shows significant contribution on the erosion rate and the rest factors and their interactions have comparatively less significant effect on erosion rate. Similarly from Table 3(b), for treated bamboo fiber composites it is clear that the impact velocity, stand-off distance, impingement angle, filler content have great influence on erosion rate. The interaction of filler content and impingement angle shows significant contribution on the erosion rate but the remaining factor and interactions have relatively less significant contribution on erosion rate.
Conclusion
Successful fabrication of CBPD filled untreated and alkalized bamboo fiber reinforced epoxy composites have been developed by simple hand-lay-up techniques. It is observed from the study that there is a significant influence of CBPD content and treatment on physical mechanical behavior of composites. The mechanical properties of the treated bamboo fiber reinforced composites are found to be superior in comparison to those of untreated bamboo fiber composites. Also the use of alkalized bamboo fiber and incorporation of CBPD modifies the erosion characteristics of the resulting composites. The peak erosion rate has been observed at 45˚ impingement angle for untreated bamboo-epoxy composites whereas, for treated bamboo-epoxy composites the peak erosion rate is found to be around 60˚ impingement angle. This result reveals the semi ductile nature of composites. From ANOVA analysis it has been observed that factors like impact velocity, stand-off distance, impingement angle and filler content have great influence on erosion wear rate for both untreated and treated bamboo fiber composites. However, the remaining factors have relatively less significant contribution on erosion rate. SEM studies of worn surfaces support the involved mechanisms and indicate plastic deformation, microcracking, melting, sand particle embedment, exposure of fibers and fiber-cracking etc. as the possibly occurring
